Rat chondrocytes transplanted intramuscularly in rabbits produced cartilage. In 1-day-old transplants chondrocytes remained viable. After 1 week peripheral chondrocytes of the transplant were dead and the cartilage was surrounded and resorbed by macrophages. In 2-week-old transplants cartilage deteriorated and was invaded by fibroblast-like cells and macrophages. Sera of rabbits that received two or three consecutive transplants of rat chondrocytes with 2-week intervals contained high titer of antichondrocyte cytotoxic antibodies. A part of the cytotoxic activity could be removed by absorption with rat splenocytes. Western blot analysis of lysates from fresh or 24-h cultured chondrocytes with absorbed sera detected antigen with M r of ϳ74 and ϳ23 kDa. Only the latter remained after reduction in 2-mercaptoethanol. In lysates of fibroblasts and endotheliocytes the 23-kDa antigen was not found but the serum reacted with M r 39-kDa antigen. In lysates of thymocytes a weak band corresponding to M r of 35 kDa was present. Serum from rabbits receiving transplants of living chondrocytes followed by chondrocytes suspended in complete Freund's adjuvant contained antibodies directed against components of crude collagenase used for cell isolation. Such antibodies could not be detected in sera of rabbits receiving transplants of living chondrocytes only. Molecular weight of detected antigen differs from that of collagen type II, core of aggrecan, link proteins, and several other macromolecules of cartilage matrix. It could represent either a component of chondrocyte membrane or a membrane-bound substance resistant to enzymes used for isolation. Availability of antibodies against presumably chondrocyte-specific antigen produced during transplant rejection may help to characterize it more precisely and to ascertain whether its presence may influence results of autogenous chondrocyte transplants in humans.
INTRODUCTION
rat lymphocytes in mixed lymphocyte-chondrocyte cultures not only by allogeneic but also by syngeneic chon-Transplants of autogeneic chondrocytes are more and drocytes (17, 18, 35) . These observations were confirmed more frequently used for the treatment of articular cartiwith rabbit, human, bovine, and canine chondrocytes (22, lage defects (5,28,57,58) . Therefore, it is particularly 65) . Nevertheless, objections were raised that stimulaimportant to determine whether chondrocytes, besides tion of lymphocytes by chondrocytes could be caused transplantation antigens, also express tissue-specific anby remnants of enzymes used for isolation and left on tigens and, if so, whether they could be responsible for the surface of chondrocytes, and not by cartilage-speimmunological reaction against transplants. Autogeneic cific antigen (14) . In view of the subsequent publications or syngeneic transplants of isolated chondrocytes proindicating that chondrocytes are able to present antigens duce cartilage without any signs of rejection (6, 25,46, within MHC class II context (8,65), this objection de-47). Nevertheless, expression of tissue-specific antigen serves consideration, particularly in view of the fact that by chondrocytes has been suggested because rats inbacterial collagenase used for chondrocyte isolation is jected with syngeneic chondrocytes developed autorestrongly immunogenic (52) . activity as assayed by leukocyte migration test (36) . As
In vitro proliferative response of splenocytes from further argument in favor of such antigen existence has naive rats caused by syngeneic chondrocytes could be been considered stimulation of proliferative response of prevented by isolation of chondrocytes with modified 390 OSIECKA-IWAN ET AL.
collagenase solution, which, according to Glade et al. solution (all from Sigma Aldrich Chemie, D-82041 Diesenhofen, Germany)) in F-12 medium (GIBCO BRL, (19) , decreases cell damage (48, 53) . Conceivably, antigens of undamaged chondrocytes are not accessible to Paisley, Scotland, UK) (53) . Following isolation, chondrocytes were filtered through a 40-µm mesh nylon filter antigen-presenting cells in splenocyte population and thus splenocyte stimulation does not occur. However, and rinsed three times with F-12 medium supplemented with 10% FCS and antibiotics (53) . splenocytes from rats sensitized with allogeneic chondrocytes responded to in vitro stimulation by both allo-Transplantation of Chondrocytes geneic and syngeneic chondrocytes (48, 53) . Moreover, for Morphological Observations syngeneic chondrocytes transplanted into recipients that Rabbits were anesthetized by ketamine and xylazine, previously had transplants of allogeneic chondrocytes and chondrocytes suspended in the medium were inhave been rejected (49) . These observations suggested jected into the tongue, on both sides of the midline, 3 × that syngeneic chondrocytes express some antigen at the 10 6 cells per transplant. Animals were killed 1, 7, and level insufficient to cause sensitization after transplanta-14 days after injection. tion, but high enough to result in rejection in a sensitized host.
Histological Evaluation of the Transplants The nature of the chondrocyte-specific antigen is still Cartilage formed by transplanted chondrocytes was obscure. It could be an integral cell membrane protein fixed in Bouin-Hollande solution for 24 h (59). The (4) or a component of the matrix associated with chontransplants were embedded in MEDIM-Plast (MEDIM, drocytes. Indeed, several collagens (7,64) and other pro-Giessen, Germany) and cut on a rotary microtome at 7 teins present in the cartilage matrix evoke production of µm. Sections were stained with hematoxylin and eosin autoantibodies (11, 13, 21, 23, 55) . or with 0.1% Alcian blue GX8 for demonstration of acid The serum of naive rats usually contains antichondroglycosaminoglycans followed by nuclear red (56) . Some cyte antibodies. Their titer has been raised in recipients sections were also stained with von Kóssa method for of allogeneic transplants, but considerably decreased calcium deposits (56) . Calcified rib cartilage served as a after incubation with thymocytes, indicating that they positive control. Macrophages were detected with mouse were not specific for chondrocytes (27, 49) . On the other monoclonal anti-rabbit macrophage antibody (DAKO hand, rabbits sensitized with xenogeneic chondrocytes Corporation, Carpinteria, CA, USA) at 1:50 dilution. Bifor several months produced antichondrocyte antibodies otinylated goat anti-mouse immunoglobulins served as whose titer was not measurably reduced after absorption secondary antibody (DAKO). Reaction was completed of serum with lymphocytes (22, 37) . These last observawith extravidin-peroxidase conjugate and diaminobentions encouraged us to study transplants of rat chondrozidine tablets (Sigma). cytes in rabbits in the hope that they would evoke significant humoral response and that produced antibodies Sensitization of Rabbits by Transplanted Chondrocytes would help to identify antigen(s) responsible for this reor Collagenase and Preparation of Sera action.
Chondrocytes (5 × 10 7 ) were suspended in 1 ml of MATERIALS AND METHODS medium and transplanted into back muscles of rabbits in Animals 10 injections of 0.1 ml. One rabbit received chondrocyte transplant only once, the second two times at 2-week New Zealand White rabbits weighing about 3 kg intervals, the third three times, and the fourth one, 2 were purchased from the Institute of Zootechnology in weeks after the second transplant of living chondrocytes, Cracow (Poland). Inbred Wistar Albino Glaxo (WAG, received a similar number of chondrocytes homogenized Rt1 u ) rats were obtained from the Animal Unit of the in 1 ml of complete Freund's adjuvant, also in 10 injec-Medical University of Warsaw and were housed under tions. Before transplantation and before each injection standard conditions. The study was approved by the Anof chondrocytes a sample of blood from the ear vein was imal Ethical Committee of the Medical University of collected. Two weeks after the last injections the rabbit Warsaw.
was anesthetized by ketamine and xylazine and bled Isolation of Chondrocytes from the internal iliac vein. Serum from each sample was heat-inactivated at 56°C for 30 min. Sera were di-Chondrocytes were isolated from the articular-epiphyseal cartilage complexes of 3-5-day-old rats by con-vided into small portions, frozen, and stored at −25°C. Another rabbit received subcutaneously 10 injections stant stirring in enzymic solution for about 3 h at 37°C. Enzymic solution contained 0.25% collagenase (Type I), (0.1 ml) of 100 µg of collagenase suspended in 1 ml of complete Freund's adjuvant and was bled 2 weeks 0.05% DNase, 17.5 µM Nα-p-tosyl-l-lysine chloromethyl ketone (TLCK), and 1% antibiotic-antimycotic afterwards.
Preparation of Splenocytes and Absorption of Sera
The rings were placed into the wells of a 24-well plate (two rings per well) and incubated in 1 ml of Dulbecco's Sera were absorbed either with splenocytes (spleen modified Eagle's medium supplemented with 20% FBS mononuclear cells, SMC) or with chondrocytes. SMC and 1% antibiotic-antimycotic solution (Sigma) at 37°C suspension was prepared from spleens of 3-month-old in humidified atmosphere of 5% CO 2 in air at 37°C. On rats using glass homogenizer with a loosely fitted pestle, the second day of culture, 0.25 ml of medium was carefollowed by gradient centrifugation in Histopaque, 1077 fully added to each well, avoiding displacing of the rings g/cm 3 (Sigma) at 400 g for 15 min, and triple washing attached to the substrate. The rings were removed after in F-12 solution.
72 h of culture to prevent outgrowth of nonendothelial Sera from sensitized rabbits were diluted 1:4 or 1:64 cells. The cells were allowed to proliferate for the next and absorbed with 4 × 10 7 SMC or 5 × 10 6 chondrocytes 6 days. per 0.4 ml of serum. Absorption was carried out overnight in 4°C on a shaker. Then the cells were removed Preparation of Cell Lysates by centrifugation. Sera incubated in the same manner Isolated chondrocytes immediately after collagenase but without absorption served as controls.
digestion were rinsed five times in PBS at 4°C and Evaluation of Antichondrocyte Cytotoxic Antibodies mixed with 200 µl of RIPA buffer enriched with protease inhibitors (61) . In other experiments chondrocytes Rat chondrocytes were incubated in Na 2 51 CrO 4 disor fibroblasts were seeded onto 35-mm petri dishes at solved in F-12 medium for 1 h, rinsed with the medium, the density of 3 × 10 6 cells/dish and cultured for 24 h. and seeded onto flat-bottomed 96-well plates at the den-
The cells were rinsed with PBS and put on ice. To each sity of 2 × 10 4 cells/well. After overnight culture the dish 200 µl of RIPA buffer was added. Endotheliocytes cells were rinsed twice with the medium and incubated were treated in the same manner directly in the wells of with serial twofold dilutions (from 1:16 to 1:2048) of 24-well plates. Cells were harvested with rubber policethe tested serum, 50 µl/well. After 1-h incubation, 50 µl man and transferred into microcentrifuge tubes with a of rabbit complement (Biotest, D-63303 Dreieich, Gersyringe without needle. Freshly isolated or cultured cells many) was added. Incubation followed for the next 1 h suspended in RIPA buffer were passed 5-6 times and then the supernatant from each well was collected.
through a 26-gauge needle and sonicated in sonificator All incubations were done in a humidified atmosphere (BANDELIN electronic, GmbH & Co KG. Heinrichof 5% CO 2 in air at 37°C. 51 Cr radioactivity release into strasse 3-4, D-12207 Berlin, Germany). All lysates were the medium with the tested serum as well as spontanestored at −25°C. ous (medium with complement but without serum) and maximal 51 Cr release (after exposition to 2% Triton)
Protein Determination were measured in MicroBeta Counter (LKB, Wallac, Lysate or RIPA buffer (1 ml, blank test) and 9 µl of Turku, Finland). Each estimation was done in triplicate deionized water was placed in a flat-bottomed 96-well and mean cpm was taken for calculation of cytotoxicity plate and 0.2 ml of BCA protein assay reagent (Pierce, according to the formula: % cytotoxicity = [(experimen-Rockford, IL, USA) was added to each well. The plate tal cpm − spontaneous cpm)/(maximal cpm − spontanewas incubated at 37°C for 30 min. Protein concentration ous cpm)] × 100 (27, 53) . The titer of antibodies was dewas determined spectrophotometrically at 550 nm (SLT fined as the highest serum dilution killing 30% of Spectra Labinstruments, Crailsheim, Germany). chondrocytes.
Electrophoresis and Western Blotting Isolation of Skin Fibroblasts and Endothelial Cells
Five-day-old rats were killed by cervical dislocation Cell lysates (10 µg of protein) or aqueous solution of collagenase mixed in sample buffer with or without 2-and put into 10% antibiotic-antimycotic solution at 37°C for 1 h. The skin was cut into small fragments and mercaptoethanol were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE; 12% acrylamide) (34) . stirred in enzymic solution used for isolation of chondrocytes for 1 h. Then the cells were filtered through a Separated proteins were transferred onto PVDF membrane by semidry blotting at 25 V for 30 min, using 40-µm mesh nylon filter and rinsed.
Pure cultures of endothelium were prepared as de-Trans-Blot SD apparatus (Bio-Rad Laboratories, Hercules, CA, USA). Unabsorbed or splenocyte-absorbed scribed previously (12, 41) . Thoracic aorta was aseptically removed from 3-month-old anesthetized rats and sera from chondrocyte-sensitized rabbits diluted 1:120 served as the first antibody. Incubation lasted for 1 h. placed in cold PBS without Ca 2+ and Mg 2+ . The aorta was gently cleared of perivascular connective tissue and Serum from collagenase-sensitized rabbit applied to collagenase blot was used as positive control. Biotinylated cut into ring segments, 1.5 to 2 mm thick. Usually 20-22 rings from a single thoracic aorta were obtained. F(ab′) 2 fragment of swine anti-rabbit immunoglobulins (DAKO A/S DK-2600 Glostrup, Denmark) served as the with only once-transplanted chondrocytes. Response was much higher in the rabbit receiving transplant of chon-second antibody. Actin used as an internal control was detected with mouse monoclonal anti-β-actin antibody drocytes twice followed by injection of homogenized chondrocytes in complete Freund's adjuvant. The high-(Sigma) followed by biotinylated goat anti-mouse immunoglobulins (DAKO). Antibody binding was demon-est response occurred in the rabbit with chondrocyte transplantation repeated three times. Cytotoxicity of sera strated by an amplified alkaline phosphatase detection system (Sigma). Relative molecular weight of antigen decreased after absorption with splenocytes of 1:4 or 1:64 diluted serum and could be completely removed by was calculated with use of GelWorks 1D Intermediate software (Bio-Rad) in relation to kaleidoscope standard absorption with chondrocytes at 1:64 dilution. Serum of the rabbit sensitized with collagenase was devoid of or prestained SDS-PAGE (low range) standard (Bio-Rad).
antichondrocyte activity (Table 1) . Sera from rabbits sensitized two or three times with RESULTS transplants of living chondrocytes detected in immu-Histologial Evaluation of Transplants noblots of chondrocyte lysates antigen with M r of ϳ23 kDa in reduced state. Another band with M r of ϳ74 kDa Several cartilage nodules were found in 1-day-old also appeared in the unreduced state (Fig. 2) . Antigen transplants. They contained densely packed chondrowas present both in lysates of freshly isolated chondrocytes with Alcian blue-positive matrix particularly well cytes and chondrocytes cultured for 24 h. In lysates of visible at the periphery of nodules (Fig. 1a, b ). After 7 fibroblasts and endothelial cells the 23-kDa antigen was days the peripheral part of cartilage was devoid of Alnot found but the serum reacted with M r ϳ39-kDa antician blue stainable material and contained dead chondrogen. In lysates of thymocytes a weak band correspondcytes as judged by the loss of nuclear stainability (1) ing to M r of ϳ34 kDa was present. Serum from rabbits (Fig. 1c, d ). In the central part of nodules chondrocytes sensitized with collagenase or with living chondrocytes remained well preserved. Nodules were surrounded by a followed by chondrocytes homogenized in complete large number of cells, mainly fibroblasts and macro-Freund's adjuvant resulted in numberous bands of imphages, recognized either by the characteristic indentamunoblots of collagenase. These sera also detected in tion in the nucleus (10) or by reaction with antimacrochondrocyte lysates some components of collagenase. phage antibody. Sometimes giant foreign body cells Sera from rabbits sensitized only with living chondrowere encountered. Neutrophils and lymphocytes were cytes did not react with collagenase ( Fig. 3) . practically absent. Macrophages resorbed peripheral matrix and sometimes penetrated into it at a short distance. DISCUSSION In 14-day-old transplants numerous chondrocytes were Distinction between cross-species graft rejection with dead, the matrix devoid of glycosaminoglycans and inmorphological characteristics of first-set and hyperacute vaded by macrophages ( Fig. 1e, f) . Hypertrophy of chonrejection formed the basis for the characterization of drocytes or formation of calcium deposits within cartispecies combination as concordant or discordant, respeclage nodules characteristic for syngeneic or allogeneic tively (9) . In the discordant combination hyperacute retransplants (45,46) were never observed. jection of vascularized transplants may depend on the Immunological Observations presence of preformed antibody, causing classical complement activation (2,29) or complement activation via Sera of rabbits at the onset of sensitization did not contain antichondrocyte activity. All rabbits sensitized the alternative pathway (42,60,68). Transplants of rat kidneys into rabbits were hyperacutely rejected within with chondrocytes produced cytotoxic antichondrocyte antibodies. The titer of antibodies was low in the rabbit 20 min (54), indicating that the species combination is discordant, although rabbit-to-rat cardiac grafts were re-Rat chondrocytes survived transplantation and within 24 h formed cartilage nodules, although with a scanty jected according to the concordant pattern (30) . In delayed xenograft rejection vascular changes have been ac-amount of matrix. Survival of chondrocytes is in good agreement with lack of preformed antibodies against rat companied by prominent infiltration of the graft, with predominance of macrophages and natural killer cells chondrocytes found by cytotoxicity tests. In 7-day-old transplants the peripheral zone of cartilage was necrotic (24, 62) . Participation of antibodies was also suggested (3, 15) . and surrounded by macrophages. Macrophages also rep- Rejection of transplants occurred in strongly vascularized muscular tissue, ensuring rapid contact of injected chondrocytes with immune system of the host. Nevertheless, comparison of allogeneic intramuscular and intracartilaginous transplants in rats demonstrated that both are rejected by infiltrating cells. In the latter transplants infiltration proceeded from the medullary space opened during preparation of a defect subsequently filled with chondrocytes (53) . However, because rejection of xenogeneic transplants is predominantly humoral, the possibility that response of the host to chondrocytes introduced into joint surface defect would be different than in intramuscular transplant cannot be excluded.
In the immunization protocol reported previously (37), rabbits received 16 injections of 1 × 10 6 chondrocytes in Obtained sera killed 50% of chondrocytes at 1:160 dilu-Lane a: rabbit exposed to 100 µg of collagenase in 10 subcutation. In another work, 4-9 × 10 7 of articular chondroneous injections. Lane b: rabbit receiving 5 × 10 7 of rat choncytes were injected intravenously in rabbits every other drocytes twice in 10 intramuscular injections; third subcutaneous sensitization with 5 × 10 7 of chondrocytes in complete day on four occasions followed by intramuscular injec-Freud's adjuvant, time between injections was 2 weeks. Lane tion of the same number of cells in complete Freund's c: rabbit receiving 5 × 10 7 of rat chondrocytes three times in adjuvant every 3 weeks, a total of 5-8 injections, until 10 intramuscular injections. Lane d: control immunoblot of sera at 1:1024 dilution produced 50% cytotoxicity (22) . collagenase incubated only with the second antibody. The first Produced sera reacted not only with chondrocytes but antibody was always diluted 1:250 and the second 1:700. also with lymphocytes, proteoglycan monomers, and link proteins. Absorption with these components did not abolish reaction against chondrocytes, suggesting that resented the main type of cells involved in resorption of devitalized xenogeneic cartilage implants (33). Death of the absorbed sera contained cytotoxic antibodies against cellular antigens (22) . In comparison with published chondrocytes in our transplants presumably followed formation of antichondrocyte antibody and complement procedures, sensitization of rabbits with transplants of chondrocytes was quite efficient, because serum with activation. Lack of lymphocytes in infiltrate surrounding transplants also indicates humoral mechanism of trans-high antichondrocyte activity could be obtained already after 4-6 weeks. Part of the antichondrocyte activity of plant rejection. Fragments of mature cartilage are partially resistant to rejection in xenogeneic transplants the serum could be removed by absorption with splenocytes, contrary to the previous studies in which absorp-(63), but a small amount of matrix produced by isolated chondrocytes within the first days after transplantation tion of serum with rat lymph node cells or allogeneic lymphocytes did not reduce cytotoxic activity against probably is not sufficient to protect them from lysis by antibodies diffusing from the surrounding tissue. Release chondrocytes (22, 37) . Serum from rabbits with transplants of living chondrocytes followed by injection of of metalloproteinases from chondrocytes (38, 39) after their lysis could digest the surrounding matrix, facilitat-chondrocytes suspended in Freund's adjuvant contained anticollagenase activity. Lack of anticollagenase anti-ing access of antibodies into more central parts of cartilage nodules, until all chondrocytes were killed. Thus, bodies in sera of rabbits sensitized with transplants of living chondrocytes only indicates that rejection of evolution of cartilage formed in xenogeneic transplants of chondrocytes from cartilaginous epiphyses leading to transplants was not caused by response to collagenase. Antibodies against various components of cartilage its necrosis considerably differs from that in syngeneic and allogeneic transplants. In these transplants hypertro-are frequently present in pathological states or can be produced experimentally. Mollenhauer et al. (44) de-phic chondrocytes and matrix calcification appear within 2 weeks. Subsequently, syngeneic transplants are invaded tected, in sera from patients with osteoarthitis and rheumatoid arthritis, antibodies against at least seven pep-by mesenchymal cells, leading to bone deposition on calcified matrix. Allogeneic transplants do not ossify, tides from chondrocyte surface with molecular weights ranging from 28 to 155 kDa. Bang et al. (4) described presumably due to accumulation of infiltrating cells preventing invasion by mesenchymal cells, but calcified chondrocyte autoantigen (CH65) reacting with sera from patients with rheumatoid arthritis. CH65 could also be matrix persists for several weeks [(45) and references therein].
a potential autoantigen involved in the pathogenesis of adjuvant arthritis in Lewis rats (16) . Moreover, antibod-also seem to differ from the antigen found in chondrocyte lysates. ies against collagen type II, IX, and XI (7,55,64) core protein of proteoglycans (11, 20, 21, 23) or link proteins Sera from chondrocyte-sensitized rabbits reacted also with some 39-kDa antigen present in lysates of fibro- (13) have been found in various cartilage pathologies or produced experimentally. Nevertheless, the antigen pre-blasts or endothelial cells. This antigen was not detected in chondrocyte lysates, although it had to be present in sumably responsible for an immunological response leading to development of rheumatoid arthritis is, as yet, transplanted chondrocytes to stimulate antibody production. Conceivably, it shares an epitope with chondro-unidentified (32) .
It remains undetermined whether chondrocytes ex-cyte-associated antigen or is present in chondrocyte lysates, but below the level of detection. By the same press specific antigen(s). Five monoclonal antibodies raised against human articular chondrocytes reacted not only token, however, chondrocyte-associated antigen could be present in lysates of other cells. Thus, it would be with chondrocytes but also with different epitopes of noncartilaginous tissues, suggesting than neither antibody too early to assume that 74-kDa antigen is specific for chondrocytes. Nevertheless, while the nature and func-was cartilage specific (67) . Our own studies demonstrated that rats presensitized with allogeneic chondro-tion of the presumptive chondrocyte-specific antigen remains unknown, it should be stressed that antibodies di-cytes rejected cartilage formed by syngeneic chondrocytes (49), but the antigen responsible for rejection rected against it were formed during natural process of transplant rejection and not after sensitization with dead remained unidentified. In this work we have found that sera of rabbits bearing transplants of living chondrocytes chondrocytes. Thus, this antigen may play an important role in cartilage immunology. Availability of antibodies contain antibodies reacting with 23-kDa antigen in reduced state and with both 23-and 74-kDa antigen in un-against this particular antigen may help to isolate it and to determine whether it is identical with the antigen re-reduced state. Thus, the antigen is a 74-kDa molecule either formed by 23-kDa monomers or partially frag-sponsible for rejection of syngeneic chondrocyte transplants in presensitized rats. It would be also important mented during extraction. The first possibility seems more probable because 23-kDa bands regularly appeared to know whether it may cause undesirable complications during clinical transplantation of autologous chondro-in lysates of freshly isolated chondrocytes or chondrocytes cultured for 24 h, and degradation during extrac-cytes. tion would rather bring more varied products.
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